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ABSTRACT

A setof formal systemsfor describingthecoordinatesof solar imagedatais proposed.Thesesystemsbuild on currentpracticein applying
coordinatesto solarimagedata.Bothheliographicandheliocentriccoordinatesarediscussed.A distinctionis alsodrawn betweenheliocentric
andhelioprojectivecoordinates,wherethelattertakestheobserver's exactgeometryinto account.Theextensionof thesecoordinatesystemsto
observationsmadefrom non-terrestialviewpointsis discussed,suchasfrom theupcomingSTEREOmission.A formalsystemfor incorporation
of thesecoordinatesinto FITS �les, basedon theFITSWorld CoordinateSystem,is described,togetherwith examples.
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1. Intr oduction

Solar researchis becomingincreasinglymore sophisticated.
Advancesin solarinstrumentationhave led to increasesin spa-
tial resolution,andwill continueto do so. Futurespacemis-
sionswill view the Sun from di� erentperspectives than the
currentview from ground-basedobservatories,or satellitesin
Earthorbit.Bothof theseadvanceswill requiremorecarefulat-
tentionto thecoordinatesystemsusedfor solarimagedata.In
fact,sometasteof this hasalreadyoccuredwith theSolarand
HeliosphericObservatory (SOHO) satellite (Domingo et al.
1995),whichviews theSunfrom theinnerLagrangepoint be-
tweenEarthandtheSun.TheSunappearsapproximately1%
biggerfrom SOHOthanit doesfrom Earth,requiringadjust-
ment whenever SOHO imagesare comparedwith datafrom
ground-basedobservatories,or satellitesin low Earthorbit.

Although there is widespreadagreementon the coordi-
natesystemsto beusedfor interplanetaryspace(Russell1971;
Hapgood1992;Fränz& Harper2002)no formal structureex-
istsfor solarimagecoordinates,exceptfor thewell-established
heliographic coordinatesystems.In particular, there is no
agreementon how thesecoordinatesshouldappearin FITS
headers,with potentialconfusionwhendatafrom oneobserva-
tory is comparedto datafrom another. This documentoutlines
thevariouspossiblecoordinatesystemswhichmaybeusedfor
solarimagedata,andto show how thesecoordinatesystemsre-
lateto theWorld CoordinateSystem(WCS)formalismusedin
FITS �les. In devising thecoordinatesystemsoutlinedbelow,
attentionis given to currentpracticewithin the solar imaging
community.

Normal coordinate systems used for extra-solar
observations—suchas right ascensionand declination, or
galactic longitude and latitude—only need to worry about

two spatial dimensions.The samecan be said for normal
cartographyof a planetsuchas Earth.However, to properly
treatthecompleterangeof solarphenomena,from theinterior
out into the corona,a completethree-dimensionalcoordinate
system is required. Unfortunately, not all the information
necessaryto determinethe full three-dimensionalpositionof
a solar featureis usually available. Therefore,in developing
coordinatesystemsfor solardata,onemusttake into account
thatoneof theaxesof thecoordinatesystemmaybemissing.

Also, sincethe Sun is a gaseousbody, thereareno �x ed
points of referenceon the Sun. What's more,di� erentparts
of the Sunrotateat di� erentrates.The rotation ratedepends
not only on latitude,but alsoon how deeplythemagnetic�eld
linesof a givenfeatureareanchoredin thephotosphere.Thus,
for example,activeregionsfollow di� erentdi� erentialrotation
lawsthansmaller-scalemagneticfeaturesat thesamelatitudes.

For the above reasons,attentionwill be given to coordi-
natesystemswhich take theobserver's viewing geometryinto
consideration.Somecoordinatesystemswill be rotatingwith
respectto othercoordinatesystems,andin all the coordinate
systems,at leastsomepart of the Sun will be moving rela-
tiveto thatcoordinatesystem.For thosereasons,thecoordinate
systemshouldnot really be consideredcompletewithout also
taking time into account.In the discussionwhich follows, all
coordinateswill assumeagivenobservationtime t.

With solarimaginginstrumentationnow plannedfor space-
craftwhichwill operateat largedistancesawayfrom theEarth-
Sunline, suchasSTEREO(Socker et al. 1996),consideration
mustalsobe given asto how the viewpoint of the instrument
shouldbetaken into accountin thecoordinatesystem.This is
discussedin Sec.9.1.
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1.1. Coordinate Systems within FITS �les

Two di� erentstylesof includingcoordinateinformationwithin
FITS �les will be consideredhere.The �rst is the coordinate
systemfromtheoriginalFITSspeci�cation,while thesecondis
themoremodernWorld CoordinateSystem.The latterallows
for much more �e xibility in the typesof coordinatesystems
which canbe expressed,aswell as in describinghow the in-
strumentcoordinateaxesmapinto real-world coordinates.For
thosereasons,we will concentrateon the World Coordinate
Systemimplementationsof the coordinatesystems.However,
theoldersystemwill alsobeconsideredwhereappropriate.

1.1.1. The Original FITS Coordinate System

In theoriginal FITS paper(Wells et al. 1981),thecoordinates
of a dataarraywerespeci�ed with the following keywordsin
theFITS header:

CRPIXn: Referencepixel to subtractfrom thepixel co-
ordinatesalongaxisn. NotethatCRPIXnfollowsthe
Fortranconventionof countingfrom 1 to N, instead
of from 0 to N � 1 asis donein someprogramming
languages.

CRVALn: Coordinatevalueof thereferencepixel along
axisn.

CDELTn: pixel spacingalongaxisn.
CROTAn: Rotationangle,in degrees,to applyto axisn.

The exact methodof applying the rotation angle
was not speci�ed in the original paper, but com-
monly usedconventionshave developedover the
years,asdiscussedin Sec.8.

CTYPEn: A string valuelabelingeachcoordinateaxis.
A commonsystem,usedby the SOHOspacecraft,
labelsthewestward axisasSOLARXandthenorth-
wardaxisasSOLARY.

In the simplecaseof linear coordinateswith no rotation,the
transformationfrom pixel to realworld coordinatesis then

x = CRVALn + CDELTn � (i � CRPIXn):

(ThecasewhereCROTAn , 0 is discussedin Sec.8.) Later, we
will show that this older systemcan be considereda special
caseof thecoordinatesystemsdescribedbelow.

1.1.2. The World Coordinate System

The World CoordinateSystem(WCS) (Greisen& Calabretta
2002;Calabretta& Greisen2002) is a systemfor describing
the coordinatesof a FITS array, andincludesa systemof de-
scribingvariousmapprojectionsfor sphericalcoordinates.1 In
simpli�ed form, the keywordsCRPIXn, CRVALn, CDELTn are
retainedfrom theoriginalspeci�cation,combinedwith thefol-
lowing additionalor modi�ed keywords:

PCi j: A coordinatetransformationmatrix, describing
theconversionfrom pixel coordinateaxes j into in-
termediatepixel coordinatesi. This transformation

1 Futureplanneddevelopmentsfor theWCSincludespectralcoor-
dinates,non-lineardistortions,andpossiblytemporalcoordinates.

matrix replacesthe older CROTAn keyword, which
is deprecatedin theWCSformalism.As well asro-
tations,the PCmatrix canalsoencodeothertrans-
formations,suchasskew. (Thereis alsoanoptional
form of theWCSformalismin whichboththePCi j
and CDELTi keywords are combinedinto a single
CDi j matrix.)

CTYPEi: For sphericalcoordinates,the �rst four char-
actersexpressthecoordinatetype,while thesecond
four charactersexpressthemapprojectionused.

PVi m: Additionalparametersrequiredin somecoordi-
natesystems.

CUNITi: Theunitsof thecoordinatesalongaxisi.
LONPOLE, LATPOLE: Anglesusedfor sphericalcoordi-

natetransformations.Thesekeywordshave default
valueswhichdependon themapprojectionused.

For sphericalcoordinates,somecaremustbetakenin theselec-
tion of the referencepixel, dependingon theprojectionbeing
used.

It is a requirementin FITS �les, and in WCS in particu-
lar, thatall anglesmustbein degrees.(However, seeSec.9.2.)
For simplicity, in thefollowing, all trigonometricfunctionsare
assumedto have their argumentsin degrees,while the inverse
functionsareassumedto returnvaluesin degrees.

It is possiblein WCS to have more than one coordinate
systemfor any givendataset.An alternatecoordinatesystem
would beexpressedusingall theabove keywordsfollowedby
oneof the letters“A” to “Z”, e.g.CRPIX1A, PC11A, etc.The
keywordsWCSNAMEa canbe usedto label eachalternative
coordinatesystem—seeFigs.4 and5.

Modi�ed versionsof theabovekeywordsfor usein binary
tablesandpixel lists arelisted in Greisen& Calabretta(2002)
andin Calabretta& Greisen(2002).

2. Heliographic Coor dinates

Thewell-known heliographic2 coordinatesystemexpressesthe
latitude� andlongitude� of afeatureonthesolarsurface,and
canbe extendedto threedimensionsby addingthe radialdis-
tancer from thecenterof theSun.Therotationalaxisusedto
de�ne the coordinatesystemis basedon the original work of
Carrington(1863).Seidelmannet al. (2002)lists the right as-
censionanddeclinationof thesolarnorthpoleas� 0 = 286:� 13,
� 0 = 63:� 87. Therearetwo basicvariationson theheliographic
system,which we will refer to asStonyhurstandCarrington
heliographic.Bothusethesamesolarrotationalaxis,anddi� er
only in thede�nition of longitude.

Thereareseveral limitationsto theuseof heliographicco-
ordinateswhenusedwith two-dimensionalimagedata:

– Without the r axis, coordinatescanonly be expressedfor
pixelson thesolardisk.

2 SincetheSunis assumedto have zerooblateness,androtatesin
theprogradesense,thereis nodistinctionbetweenplanetographicand
planetocentriclatitudesand longitudesfor the Sun.We will usethe
traditionaltermheliographicwhenreferringto latitudeandlongitude.
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Fig.1. A diagramof the Sun,showing lines of constantStonyhurst
heliographiclongitudeand latitude on the solar disk. The origin of
the coordinatesystemis at the intersectionof the solarequatorand
the(terrestrial)observer'scentralmeridian.Thisrepresentationis also
known asa Stonyhurstgrid.

– Featureswhich are signi�cantly elevatedabove the solar
surfacewill projectinto coordinates(� ; � ) which aredif-
ferent from their true coordinatesin a complete(r; � ; � )
system.

– At somewavelengths,particularlyin Helium lines,theap-
parentsolar limb will be larger than R� , by as much as
1.5%.

However, thecoordinatesystemis well suitedfor many types
of solardata.

2.1. Stonyhurst Heliographic Coordinates

Theorigin of theStonyhurstheliographiccoordinatesystemis
at the intersectionof the solarequatorandthe centralmerid-
ian asseenfrom Earth.Thus,the coordinatesystemremains
�x edwith respectto Earth,while theSunrotates(synodically)
underneathit. The angles� and� aregiven in degrees,with
� increasingtowardssolar North, and � increasingtowards
the solar West limb. The distancer is either a physicaldis-
tancein meters,or is relative to the solarphotosphericradius
R� � 6:96� 108 m. This coordinatesystemis demonstratedin
Fig. 1.

An alternative to the r coordinateis the heighth = r � R�

relative to thesolarsurface,whereh is positive above thesur-
faceandnegativebelow thesurface.

It shouldbenotedthatStonyhurstheliographiccoordinates
arecloselyrelatedto HeliocentricEarthEquatorial(HEEQ)co-
ordinates(Hapgood1992).Conversionbetweenthesetwo sys-
temsaregivenby theequations3

r =
q

X2
HEEQ + Y2

HEEQ + Z2
HEEQ;

3 Thefunctionarg is de�ned suchthatarg(x; y) = tan� 1(y=x), where
theanswercanlie anywherefrom -180� to 180� , andthusresolvesthe
theambiguitybetweenwhich quadranttheresultshouldlie in.

� = tan� 1
�
ZHEEQ=

q
X2

HEEQ + Y2
HEEQ

�
; (1)

� = arg(XHEEQ; YHEEQ);

XHEEQ = r cos� cos� ;

YHEEQ = r cos� sin� ; (2)

ZHEEQ = r sin� :

To maintainthis relation,and to avoid confusion,we re-
quire that for non-terrestrialobservers,the origin will still be
referencedto thecentralmeridianasseenfrom Earth(specif-
ically geocenter).Thus,the coordinatesof any featureon the
surfaceat a given time t will be the samefor any observer.
Observationsmadefrom a distancesigni�cantly di� erentthan
1 A.U. may requirea light travel time correctionfor utmost
accuracy.

2.2. Carrington Heliographic Coordinates

The Carringtoncoordinatesystemis a variationof the helio-
graphicsystemwhich rotatesat anapproximationto themean
solar rotationalrate,asoriginally usedby Carrington(1863).
The siderealperiod of the Carringtonsystemis 25.38 days,
which translatesinto a meansynodicperiodof 27.2753days
(Stix 1989).Seidelmannet al. (2002) gives the angleof the
prime meridianfrom the ascendingnodeas84:� 10 at J2000.0.
Eachtime the Carringtonprime meridiancoincideswith the
central meridian as seen from Earth, which happensonce
each27.21 to 27.34 days, dependingon where Earth is in
its orbit, marksthebeginningof a new “Carringtonrotation”.
Theserotationsarenumberedsequentially, with Carringtonro-
tation number1 commencingon 9 November1853.The start
dateandtime of eachCarringtonrotation(alsoknown asthe
“synodic rotation number”) is publishedin the Astronomical
Almanac. For example,Carringtonrotationnumber1900be-
ganon2 September1995.

Carringtonlongitudeis o� setfrom Stonyhurstlongitudeby
a time-dependentscalarvalue. In other words, at any given
time t, the relationshipbetweenStonyhurst longitude� and
Carringtonlongitude� C is givenby theequation

� C = � + L0; (3)

whereL0 is the Carringtonlongitudeof the centralmeridian
as seenfrom Earth.At the start of eachCarringtonrotation,
L0 = 360� and steadily decreasesuntil it reachesL0 = 0, at
whichpoint thenext Carringtonrotationstarts.Notethatthis is
theoppositebehavior of thedecimalCarringtonnumberof the
centralmeridian,which constantlyincreases.Thedaily values
of L0 areavailablein theAstronomicalAlmanac.

3. Heliocentric Coor dinates

Heliocentriccoordinatesexpressthe true spatialpositionof a
featurein physical units from the centerof the Sun. There
area numberof well-establishedheliocentriccoordinatesys-
temsusedin spacephysics(Hapgood1992).Examplesinclude
HeliocentricAries Ecliptic (HAE), HeliocentricEarthEcliptic
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(HEE), and Heliocentric Earth Equatorial(HEEQ). Each of
thesecoordinatesystemsconsistsof threemutuallyperpendic-
ular axes,X, Y, andZ, which togetherform a right-handedco-
ordinatesystem.For example,the HEE systemhasan X axis
pointingalongtheSun-Earthline, anda Z axispointingalong
theecliptic northpole.(A precisede�nition of theecliptic can
be found in Lieske et al. (1977).)In this work, we will de�ne
additionalheliocentriccoordinatesystemsorientedspeci�cally
towardssolarimagedata.

No solarobservationfrom asingleperspectivecantruly be
saidto bein heliocentriccoordinatesasde�nedbelow. Linesof
sightfrom theobserver to theSunarenot truly parallelto each
other, sothattranslatingimagepositioninto aphysicaldistance
will dependto someextent on wherethe featureis alongthe
line of sight.Also, no attemptis madeto distinguishthe var-
iouspossiblemapprojections—e.g.whetheroneis measuring
anangulardistance,thesineof theangle,or thetangentof the
angle.However, for many cases,thesedistinctionsareunim-
portant,andheliocentriccoordinatesasde�ned hereareoften
very useful.They alsoserve asa basisfor the helioprojective
coordinatesystemsdiscussedlater.

No matterwhatperspective anobserver has,theheliocen-
tric coordinatesystemsdiscussedbelow will haveaxesde�ned
relative to thatobserver. Thus,unlike theheliographiccase,an
observationmadefrom a non-terrestrialplatformwill measure
coordinateswhich will bedi� erentfrom thosemeasuredfrom
Earth.Hence,at leastfor non-terrestrialobservations,informa-
tion mustalsobeprovidedabouttheobserverspositionto prop-
erly de�ne thecoordinatesystem(seeSec.9.1).

The class of observer-dependentheliocentric coordinate
systemsdiscussedin this report falls into two subcategories:
heliocentric-cartesianandheliocentric-radial.

3.1. Heliocentric-Cartesian Coordinates

This is a true(x; y; z) Cartesiancoordinatesystem,with eachof
the axesbeingperpendicularto eachother, andwith all lines
of constantx (or y or z) beingparallelto eachother. Thez axis
is de�ned to be parallel to the observer-Sunline, pointing to-
wardtheobserver. They axis is de�ned to beperpendicularto
zandin theplanecontainingboththezaxisandthesolarNorth
pole axis, with y increasingtowardssolar North. The x axis
is de�ned to be perpendicularto bothy andz, with x increas-
ing towardssolarWest.Thus, it is a right-handedcoordinate
system.Eachaxis is expressedaseithera physicaldistancein
meters,or relative to R� . Theheliocentric-cartesiancoordinate
systemis demonstratedin Fig. 2.

Heliocentric-cartesiancoordinatesarealsoknown ashelio-
centric(or heliographic)Radial-Tangential-Normal(HGRTN)
coordinates(Fränz & Harper 2002), except with di� erent
nomenclature.Theheliocentric-cartesianaxesx, y, zareequiv-
alent to the HGRTN axesYHGRTN, ZHGRTN, andXHGRTN respec-
tively.

Fig.2. A diagramof the Sun, with lines of constantheliocentric-
cartesianposition(x; y) overlayed.Thez axispointsoutof thepage.

Fig.3. A diagramof the Sundemonstratingheliocentric-radialcoor-
dinates,with linesof constantimpactparameter� andpositionangle
 overlayed.Thevalueof  at eachof thefour compasspointsis also
shown. Thezaxispointsoutof thepage.

3.2. Heliocentric-Radial Coordinates

Heliocentric-radial coordinatesshare the same z axis as
heliocentric-cartesiancoordinates,but replace(x; y) with (�;  ).
The parameter� is the radial distancefrom the z axis,andis
alsoknown astheimpactparameter. It is expressedeitherasa
physicaldistanceor relative to R� . Surfacesof constant� form
cylinders.The positionangle is measuredin degreescoun-
terclockwisefrom theprojectionof thesolarNorth pole.This
coordinatesystemis demonstratedin Fig. 3.

4. Projected Coor dinate Systems

Datatakenfrom asingleperspectivecanonly approximatetrue
heliocentriccoordinates.A more preciserenditionof coordi-
natesshouldrecognizethatobservationsareprojectedagainst
the celestialsphere.This classof coordinatesystems,which
wewill call helioprojective,mimicstheheliocentriccoordinate
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systemsdiscussedabove,replacingphysicaldistanceswith an-
gles.Although there's a one-to-onecorrespondencebetween
theheliocentricparametersandthehelioprojectiveparameters,
the latter is really an observer-centric system.When the ob-
server is onor just aboveEarth,thesecanbedescribedasgeo-
centriccoordinatesystems.

All projective anglesdiscussedherehave anorigin at disk
center. This is theapparentdiskcenterasseenby theobserver,
without any correctionsmadefor light travel time or aberra-
tions. Suchconsiderationsdo not play a role in thesesolar-
speci�c coordinatesystems.

Becausehelioprojective coordinatesare ultimately spher-
ical in nature,the full map-projectionaspectsof WCS come
into play. Thus,onemusttake into accountexactly whatmap
projectionsareusedin takingthedata.In essence,helioprojec-
tive coordinatesarecelestialsphericalcoordinatesthatusethe
Sunto de�ne their poleandorigin, andwhichcanbeextended
from disk centerout into the corona,andultimately over the
full 4� steradiansky.

4.1. Helioprojective-Cartesian Coordinates

This is the projectedequivalent of heliocentric-cartesianco-
ordinates,wherethedistanceparametersx andy arereplaced
with theangles� x and� y, where� x is thelongitude,and� y is the
latitude.Closeto theSun,wherethesmallangleapproximation
holds, the heliocentric-cartesianand helioprojective-cartesian
arerelatedthroughtheequations

x � d(
�

180� )� x � D� (
�

180� )� x; (4)

y � d(
�

180� )� y � D� (
�

180� )� y;

whered is the distancebetweenthe observer andthe feature,
andD� is thedistancebetweentheobserverandSuncenter.

Thehelioprojectiveequivalentof z is � , de�ned as

� � D� � d: (5)

Surfacesof constant� areconcentricspherescenteredon the
observer, with the sphererepresenting� = 0 passingthrough
the centerof the Sun. Positive valuesof � representpoints
closerin to the observer thanSuncenter, while negative val-
uesrepresentpoints fartherout thanSuncenter. Closeto the
Sun,� � z.

Note that, unlike usual celestial coordinate systems,
helioprojective-cartesiancoordinatesare left-handed.This is
handledthroughthesignof theCDELTi keyword.

4.2. Helioprojective-Radial Coordinates

This is the helioprojective equivalent of heliocentric-radial,
wherethe impact parameter� is replacedwith the angle� � .
Again, this is a sphericalcoordinatesystem,andthemappro-
jection rules come into play. Close to the Sun, where the
small-angleapproximationholds, the heliocentric-radialand
helioprojective-radial impact parametersare related through
theequation

� � d(
�

180� )� � � D� (
�

180� )� � : (6)

Note that � � = 0 at one pole of the helioprojective-
radial system,wheremostsphericalcoordinatesystemshave
� = � 90� at thepoles.We resolve this by de�ning thedeclina-
tion parameter

� � � � � � 90� ; (7)

sothatsolardisk centerlies at thehelioprojective-radialsouth
pole, making the coordinatesystemright-handed.To satisfy
therequirementsof WCScoordinatetransformformalism,an-
gular coordinatesin FITS �les will be expressedas (� � ;  )
pairs.The conversionto (� � ;  ) is then accomplishedsimply
as� � = � � + 90� .

4.2.1. Computing the Surface Normal

A variation on radial coordinatesinvolves replacingeither �
or � � with thecosineof theanglebetweenthesurfacenormal
andthe line of sight to theobserver. This parameter, � , varies
between1 atdiskcenterto 0 at thelimb. Becausethisdescribes
spatialpositionsattheSun'ssurface,it hasthesamelimitations
asheliographiccoordinates.(SeeSec.2.)

The conversionbetweenheliocentriccoordinatesand� is
quitesimple

� =
q

1 � (�=R� )2: (8)

On theotherhand,theconversionbetweenhelioprojectiveco-
ordinatesand� is morecomplicated,andis givenby

� =
1 � ab

p
(1 + a2)(1 + b2)

; (9)

where

a = tan� � ;

q =
q

R2
� (1 + a2) � a2D2

� ;

b =
a(D� � q)
a2D� + q

:

Thehelioprojectiveangle� � hasamaximumatthelimb, where
sin� � = R� =D� , andthusq=0, b=1/a and� =0. For smallerval-
uesof � � , thesmallnessof a will overcomethepotentiallylarge
valueof D� , sothatq will evaluateto apositive realnumber.

When D� � R� , the distinctionbetweenEqs.(8) and(9)
is negligible. Only when D� is within 8 solar radii doesthe
error grow to 0.1%,andat 1 A.U. the approximationis good
to almostsix signi�cant �gures. Thus, for mostapplications,
Eq.(9) canbesimpli�ed to

� �
q

1 � (� � =�� limb)2: (10)

5. World Coor dinate System Implementations

Table 1 lists all the coordinateparametersreferredto in this
document,togetherwith theirunitsandWCSlabels,whereap-
propriate.The WCS labelsaredesignedto be usedin CTYPEi
declarations,e.g.CTYPE1='HPLN-TAN'. They alsoserveasthe
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Table1.A completelist of all coordinateparametersreferredto in this
document.Also includedis theassociatedWCSlabelwhereappropri-
ate,andthe units in which theparametersareexpressed.Parameters
givenin meterscanalsobeexpressedasrelativeto thesolarradiusR� .

Par Units WCSlabel Description
t - Observationdate/time
R� m Solarradius(� 6:96� 108 m)
D� m DSUN Distancebetweenthe observer and

Suncenter
� deg HGLT Heliographiclatitude

CRLT Synonym whenusedwith CRLN
� deg HGLN Stonyhurstheliographiclongitude
� C deg CRLN Carringtonheliographiclongitude
L0 deg Carrington longitude of central

meridianasseenfrom Earth
r m HECR Radialdistancefrom suncenter
h m HECH Radialdistancefrom the solarsur-

face,h = r � R�

x m SOLX Heliocentricwestwarddistance
y m SOLY Heliocentricnorthwarddistance
z m SOLZ Heliocentricobserverwarddistance
� m SOLI Heliocentricimpactparameter
 deg HCPA Positionanglefrom solarNorth

HRLN Synonym whenusedwith HRLT
� x deg HPLN Helioprojective westwardangle
� y deg HPLT Helioprojective northwardangle
� � deg Helioprojective impactangle
� � deg HRLT Helioprojective-radial declination

angle,de�ned as� � � 90�

d m DIST Radialdistancefrom theobserver
� m HPRZ Helioprojective analogof z, de�ned

asD� � d
� - Cosineof the angleto the surface

normal
B0 deg Tilt of the solar North rotational

axis toward the observer (helio-
graphiclatitudeof theobserver)

� 0 deg Stonyhurst heliographic longitude
of theobserver

basisfor a family of keywordsestablishingtheviewer's loca-
tion (seeSec.9.1). Sphericalcoordinates,i.e. heliographicor
helioprojective,arealwaysin pairsof theform xxLN/xxLT, for
longitudeandlatitude,whichis why somequantitiesin Table1
havesynonyms.

Map projectionsdo not enterinto heliocentriccoordinates,
and thereforethe axis labels will simply be the appropriate
four-letterdesignationasgivenin Table1.TheCUNITi keyword
will give theunitsof thecoordinatevalues.Someexamplesof
valid entriesfor CUNITi are

CUNIT1 = 'm ' /meter
CUNIT1 = 'km ' /kilometer
CUNIT1 = 'Mm ' /megameter
CUNIT1 = 'solRad ' /solar radius

SeeGreisen& Calabretta(2002)for moreinformation.
The heliographicand helioprojective coordinatesystems,

however,aresphericalin nature,andthereforearesubjectto the
mapprojectionformalismdescribedin Calabretta& Greisen

(2002).Someof the more commonprojectionsusedaredis-
cussedbelow, althoughsolardatacanpotentiallybe in any of
theprojectionsdiscussedin Calabretta& Greisen(2002).

5.1. TAN: Gnomonic Projection

Onecommonobservingmethodis wherea solarimageis fo-
cusedontoa �at focalplane,suchasa CCD detector. Thedata
canthenbedescribedasbeingin helioprojective-cartesianco-
ordinates.In thiscase,thegnomonicprojection,or TAN, comes
into play. TheTANprojectionhasits nativenorthpoleattheref-
erencepixel, anddistanceaway from thepole increasesasthe
tangentof thecolatitude.Useof theTANprojectionwill place
thefollowing requirementson theWCSkeywords:

CRPIXj: Will expressthe pixel coordinatesof the on-
axis point. Often, the centerof the array, or solar
diskcenter, is a reasonableapproximation.

CDELTi: Thedetectorplatescaleat thereferencepixel,
in degrees.

CTYPEi: Thevaluesfor the(� x; � y) coordinateaxeswill
be'HPLN-TAN'and'HPLT-TAN' respectively.

CRVALi: The coordinatesof the referencepixel, in de-
grees.

LONPOLE: Normally 180� . SeeCalabretta& Greisen
(2002)for acompletediscussion.

The TANprojectioncanalsobe usedwith helioprojective-
radial coordinates.The coordinateaxesshouldbe de�ned so
that the associatedparameteris locally increasing.There is,
however, anambiguityin thehelioprojective-radialcasewhen
the referencepixel is disk center. At disk center, � � increases
in all directions,andthevalueof  becomesindeterminate.In
thatcase,the� � axisshouldpoint towardthesolarNorth pole,
while the  axisshouldpoint toward theEastlimb. Therefer-
encevaluefor disk centerwill begivenas(� � ;  ) = (� 90� ; 0).
With thesede�nitions, thevalueof LONPOLEwill be180� .

Wepayparticularattentionto theTANprojectionin thispa-
per, becausewe anticipatethat it will be the workhorsepro-
jectionfor helioprojectivecoordinates.However, otherprojec-
tionscanbeused,dependingon how thedataweregenerated.
For example,onewould usea cylindrical projectionfor data
resampledasa polarplot.

5.2. AZP: Perspective Zenithal Projection

Theheliographiccoordinatesof asolarimage,e.g.from aCCD
detector, canbedescribedasa perspectivezenithalprojection,
or AZP. Thekeywordsin this casewouldbe

CRPIXj: Normally, the pixel coordinatesof disk cen-
ter, even if that's outsidethe array. (However, see
Calabretta& Greisen(2002) for a discussionof
slantzenithalprojections.)

CDELTi: The size of the referencepixel, in helio-
graphicdegrees.For thesimplecasewheretheref-
erencepixel is diskcenter, this will be(D� =R� � 1)
times the helioprojective plate scaledescribedin
the previous section.At a distanceof 1 A.U., this
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renormalizationfactoris approximately213.9.See
Section7.4.4of Calabretta& Greisen(2002)for a
morecompleteexplanation.

CTYPEi: TheCTYPEi keywordfor thelongitudedimen-
sion will be either 'HGLN-AZP' or 'CRLN-AZP',
dependingonwhetherStonyhurstor Carringtonhe-
liographiclongitudesareused,while the valuefor
the latitudedimensionwill be either 'HGLT-AZP'
or 'CRLT-AZP' respectively.

PVi 1: This keyword will contain the value � D� =R�

(notetheminussign),wherei is theindex of thelat-
itude coordinateaxis.At a distanceof 1 A.U., this
is approximately-214.9.

CRVALi: Thesewill specify the latitudeandlongitude
of thereference(diskcenter)pixel in degrees.Thus,
togetherwith the PVi 1 keyword, the information
abouttheobserver'spositionis complete.

LONPOLE: Unlessone is looking straightdown along
oneof thepoles,thisshouldnormallybe180� .

5.3. SIN: Orthographic Projection

A specialcaseof theAZPprojectionis whenD� is largeenough
to beconsideredto bein�nitely far away. This is known asthe
SINprojectionandis implementedin FITSheadersasfollows:

CRPIXj: The pixel coordinatesof disk center, even if
that'soutsidethearray.

CDELTi: Theplatescaleto beusedfor theSIN projec-
tion is 180� =� timestheplatescalein solarradii per
pixel.

CTYPEi: TheCTYPEi keywordfor thelongitudedimen-
sion will be either 'HGLN-SIN' or 'CRLN-SIN' ,
while the value for the latitudedimensionwill be
either'HGLT-SIN' or 'CRLT-SIN' respectively.

PVi 1: Setto 0, wherei is thelatitudeaxis.
PVi 2: Setto 0, wherei is thelatitudeaxis.
CRVALi: Thesewill specify the latitudeandlongitude

of thereference(diskcenter)pixel in degrees.
LONPOLE: Sameasfor theAZPprojection.

For mostcases,theAZPprojectionis preferableto theSINpro-
jection,but the latter canbe a usefulapproximationwhennot
all theinformationfor theAZPprojectionis available.

5.4. CAR: Plate Carrée Projection

Cylindrical projections are well suited for synoptic maps,
whereobservationsare madeover a period of time to build
up a completerotation's worth of data.Either Stonyhurst or
Carringtonheliographiccoordinatescanbeused.Thesimplest
kind of cylindrical projectionis platecarŕee(CAR), whereboth
thelongitudeandlatitudevaluesareequallyspacedin degrees.
In orderfor thecylindricalaxisto bealignedwith thesolarrota-
tion axis,thereferencepixelmustbeontheequator. Otherwise,
thevaluesof CRPIXj, CRVALi, andCDELTi arestraightforward.
TheCTYPEi keywordfor thelongitudedimensionwill beeither
'HGLN-CAR'or 'CRLN-CAR', while thevaluefor the latitude

dimensionwill beeither'HGLT-CAR'or 'CRLT-CAR'respec-
tively. Thedefaultvalueof LONPOLEis zero.

WereservetheadditionalkeywordCARROTto associatethe
appropriateCarringtonrotationnumberwith the observation.
For example,asynopticmapcoveringtheperiodbeginningon
2 September1995would have CARROT= 1900. For a map
containingdatabeginning within oneCarringtonrotationand
endingwithin thenext, thevalueof CARROTwill beassociated
with thereferencepixel givenby theCRPIXj keywords.

Careshouldbe usedin the formulationanduseof synop-
tic maps,which are generallybuilt up from datataken over
a periodof weeks.Becausethe Sunrotatesdi� erentially, the
Carringtonlongitudeof any featurewill evolve over time, re-
gardlessof any evolution of thefeatureitself. Theobservation
timewill varyfrom onepartof themapto another, andwill de-
pendonhow themapwasconstructed.Thegeneralproblemof
mappingsynopticcoordinatesinto instantaneousspatialcoor-
dinatesis toocomplex for thepresentwork. Synopticmapdata
providersareencouragedto documentin theFITSheaderhow
themapwasconstructed.

Anotheruseof theplatecarŕeeprojectionis whenmaking
mapsof the corona,whereoneaxis is positionangle,andthe
otheris theradialdistancefrom disk center. This canbenatu-
rally handledeitherasheliocentriccoordinatesin physicalunits
(HCPA/SOLI), or asangularhelioprojective-radialcoordinates
in theplatecarŕeeprojection(HRLN-CAR/HRLT-CAR).

5.5. CEA: Cylindrical Equal Area Projection

Anothercommonlyusedprojectionfor synopticmapsis cylin-
drical equalarea(CEA), wherethe latitudepixels areequally
spacedin the sineof the angle.In its simplestform, the key-
wordsfor thelatitudeaxisi are

CDELTi: Setto 180� /� timesthepixel spacingof thesineof the
latitude.

PVi 1: Setto 1. (SeeCalabretta& Greisen(2002)for adiscus-
sionof themoregeneralcase,wherePVi 1 < 1.)

CTYPEi: Either 'HGLT-CEA'or 'CRLT-CEA', while thesame
for the longitude axis will be either 'HGLN-CEA' or
'CRLN-CEA'respectively.

The other keywords are the sameas for the CARprojection,
includingLONPOLE=0, andtheproviso thatthereferencepixel
be a point on theequator, which is true for all cylindrical and
pseudo-cylindrical projections.

6. Sample FITS Headers

Figure4 shows a sampleheaderfor a hypotheticalinstrument
with a plate scaleof 3.6 arcsec/pixel (0.001 degrees/pixel),
observingfrom 1 A.U. The detectoris a 1024� 1024 CCD,
with the Sun centeredin the CCD. Four di� erent coordi-
natesystemsareshown:heliocentric-cartesian,helioprojective-
cartesian,Stonyhurstheliographic,andhelioprojective-radial.
Note that the pixel scalefor the heliographiccoordinatesis
D� =R� � 1 = 213:9 timesthepixel scalefor thehelioprojective
coordinates(seeSection5.2).Thepixel scalefor heliocentric-
cartesianis in solarradii basedonasolardiameterof 0.533de-
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NAXIS = 2 /2D image
NAXIS1 = 1024 /Number of columns
NAXIS2 = 1024 /Number of rows

WCSNAME= 'Heliocentric-cartesian (approximate)'

CTYPE1 = 'SOLX ' /Axis labels
CTYPE2 = 'SOLY ' /
CRPIX1 = 512.5 /Center of CCD
CRPIX2 = 512.5 /
CUNIT1 = 'solRad ' /Solar radii
CUNIT2 = 'solRad ' /
CDELT1 = 0.00375 /[radii] Plate scale
CDELT2 = 0.00375 /
CRVAL1 = 0.0 /Sun center
CRVAL2 = 0.0 /

WCSNAMEA='Helioprojective-cartesian'

CTYPE1A= 'HPLN-TAN' /Axis labels (ThetaX)
CTYPE2A= 'HPLT-TAN' / (ThetaY)
CRPIX1A= 512.5 /Center of CCD
CRPIX2A= 512.5 /
CUNIT1A= 'deg ' /Angles in degrees
CUNIT2A= 'deg ' /
CDELT1A= 0.001 /[deg] Plate scale
CDELT2A= 0.001 /
CRVAL1A= 0.0 /Sun center
CRVAL2A= 0.0 /

WCSNAMEB='Stonyhurst heliographic'

CTYPE1B= 'HGLN-AZP' /Heliogr. longitude
CTYPE2B= 'HGLT-AZP' / latitude
CRPIX1B= 512.5 /Center of CCD
CRPIX2B= 512.5 /
CUNIT1B= 'deg ' /Angles in degrees
CUNIT2B= 'deg ' /
CDELT1B= 0.2139 /0.001*(Dsun/Rsun-1)
CDELT2B= 0.2139 /
CRVAL1B= 0.0 /Central meridian
CRVAL2B= 6.5 /B0 angle
PV2_1B = -214.9 /Negative Dsun/Rsun

WCSNAMEC='Helioprojective-radial'

CTYPE1C= 'HRLN-TAN' /Position Angle
CTYPE2C= 'HRLT-TAN' /Delta_Rho
CRPIX1C= 512.5 /Center of CCD
CRPIX2C= 512.5 /
CUNIT1C= 'deg ' /Angles in degrees
CUNIT2C= 'deg ' /
CDELT1C= -0.001 /Long. -> E (deg/pix)
CDELT2C= 0.001 /Lat. -> N (deg/pix)
CRVAL1C= 0.0 /Ref. latitude is 0
CRVAL2C= -90.0 /Sun center
LONPOLEC= 180.0 /Default value

Fig.4. Sample FITS header, demonstrating heliocentric-
cartesian, helioprojective-cartesian,Stonyhurst heliographic, and
helioprojective-radialcoordinatesfor the samearray. For simplicity,
notall FITSkeywordsareshown

greesat 1 A.U. Although omitted in the FITS headerhere
to save space,the default valueof LONPOLE=180� is usedin
both the helioprojective andheliographiccoordinatesystems.
In general,it' s recommendedthatall keywordsbe includedin
theheader, evenwhenthey takedefault values.

As noted earlier, a special case of the use of the
helioprojective-radialcoordinatesystemis whenthereference
pixel is disk center. This caseis illustratedassection“C” in
Fig. 4. NotethatCDELT1Cis thenegativeof thevalueCDELT1A
shown in Fig. 4, becausethe  unit vectoras de�ned points
towardtheEastlimb. ConsultCalabretta& Greisen(2002)for
moreinformationabouthow theparametersareusedto de�ne
thecoordinatesystem.

A morecomplicatedexampleof helioprojective-radialco-
ordinatesis demonstratedin Fig. 5. In thisexample,ascanning
slit spectrometer, operatingin the extremeultraviolet, is used
to scanthe corona.The slit is orientedtangentialto the limb,
andis scannedoutward alonga radial at positionangle-45� ,
startingat 18 arcmin (0:� 3) from disk center. (For simplicity,
we assumeherethat the radial stepsgo as the tangentof the
angle� � , whichmayonly beanapproximationfor a realspec-
trograph.Theprojectionto beusedfor any instrumentwill de-
pendon its design.)Note that the positionangle is denoted
as 'HRLN-TAN' becauseit is herepart of the helioprojective
coordinatesystem.Whenusedaspart of a heliocentriccoor-
dinatesystem,it simply denotedas'HCPA'. Notealsothat � �

is usedinsteadof � � , so the radial positionis given as� 89:� 7
ratherthan0:� 3. Althoughnot includedin theFITS header, the
default valueof LONPOLE=180� is usedin bothhelioprojective
coordinatesystems.

7. Coor dinate Conversions

Thefollowing equationsdescribetheconversionfrom oneco-
ordinatesysteminto another, andareintendedto demonstrate
the relationshipsbetweenthecoordinatesystems.Othercoor-
dinateconversionsnot shown below canbederivedfrom those
shown. Whereappropriate,theassumptionsto be madewhen
oneof thedimensionsis missingis discussed.Whenconvert-
ing betweenheliocentricandhelioprojectivecoordinates,if all
threespatialdimensionsarenotpresent,andnoadditionalcon-
straints(suchasr = R� ) canbe applied,thenthe small angle
approximationmaybeusedinstead.(SeeEqs.(4) and(6).)

Between Stonyhurst heliographic and heliocentric-
cartesian:

x = r cos� sin(� � � 0);

y = r[sin � cosB0 � cos� cos(� � � 0) sinB0]; (11)

z = r[sin � sinB0 + cos� cos(� � � 0) cosB0];

r =
q

x2 + y2 + z2;

� = sin� 1((ycosB0 + zsinB0)=r); (12)

� = � 0 + arg(zcosB0 � ysinB0; x);

whereB0 and� 0 aretheStonyhurstheliographiclatitudeand
longitudeof the observer. If the r dimensionis missing,then
we make the assumptionthat r = R� . If the z dimensionis
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NAXIS = 3 /3D array
NAXIS1 = 1024 /No. wavelengths
NAXIS2 = 100 /No. slit pixels
NAXIS3 = 100 /No. slit exposures

WCSNAME= 'Helioprojective-radial'

CTYPE1 = 'WAVE ' /Wavelength
CTYPE2 = 'HRLN-TAN' /Position angle
CTYPE3 = 'HRLT-TAN' /rad. dist. - 90 deg
CRPIX1 = 512.5 /Center of CCD
CRPIX2 = 50.5 /Slit center
CRPIX3 = 1.0 /First exposure
CUNIT1 = 'Angstrom' /Wavelenth in Ang.
CUNIT2 = 'deg ' /Angles in degrees
CUNIT3 = 'deg ' /
CDELT1 = 0.1 /Wavelength scale
CDELT2 = 0.001 /Slit pixel size
CDELT3 = 0.001 /Scan step size
CRVAL1 = 350.0 /Reference wavelength
CRVAL2 = -45.0 /Pos. angle slit cntr
CRVAL3 = -89.7 /Rad. dist. 18 arcmin

WCSNAMEA='Helioprojective-cartesian'

CTYPE1A= 'WAVE ' /Wavelength
CTYPE2A= 'HPLT-TAN' /Theta_Y
CTYPE3A= 'HPLN-TAN' /Theta_X
CRPIX1A= 512.5 /Center of CCD
CRPIX2A= 50.5 /Slit center
CRPIX3A= 1.0 /First exposure
CUNIT1A= 'Angstrom' /Wavelength in Ang.
CUNIT2A= 'deg ' /Angles in degrees
CUNIT3A= 'deg ' /
CDELT1A= 0.1 /Wavelength scale
CDELT2A= 0.001 /Scale after rotation
CDELT3A= 0.001 /
PC1_1A = 1.0 /No wavelength trans.
PC2_2A = 0.707107 /Rotates by 45 deg.
PC2_3A = 0.707107 /
PC3_2A = -0.707107 /
PC3_3A = 0.707107 /
CRVAL1A= 350.0 /Reference wavelength
CRVAL2A= 0.212132 /Coord. of ref. pixel
CRVAL3A= 0.212132 /

Fig.5. SampleFITSheader, demonstratinghelioprojective-radial,and
helioprojective-cartesiancoordinatesfor the samearray. Seetext for
details.For simplicity, notall FITSkeywordsareshown.

missing,thenwe againmake theassumptionthat r = R� , and

thereforez =
q

R2
� � x2 � y2.

Betweenheliocentric-cartesianandheliocentric-radial:

� =
q

x2 + y2;

 = arg(y; � x); (13)

z = z;

x = � � sin ;

y = +� cos ; (14)

z = z:

Between helioprojective-cartesian and heliocentric-
cartesian:

x = d cos� y sin� x;

y = d sin� y; (15)

z = D� � d cos� y cos� x;

d =
q

x2 + y2 + (D� � z)2;

� x = arg(D� � z; x); (16)

� y = sin� 1(y=d):

Betweenhelioprojective-radialandheliocentric-radial:

� = d sin� � ;

 =  ; (17)

z = D� � d cos� � ;

� � = arg(D� � z; � );

 =  ; (18)

d =
q

� 2 + (D� � z)2:

From the above, one can derive the conversionsbetween
helioprojective-cartesianandhelioprojective-radial:

� � = arg(cos� y cos� x;
q

cos2 � y sin2 � x + sin2 � y);

 = arg(sin� y; � cos� y sin� x); (19)

d = d;

� x = arg(cos� � ; � sin� � sin );

� y = sin� 1(sin� � cos ); (20)

d = d:

7.1. Converting to Space Physics Coordinates

The simplestrelationshipbetweenthe solar imaging coordi-
natesystemsdiscussedaboveandthecoordinatesystemsused
in spacephysicsis that betweenHeliocentric Cartesianco-
ordinatesand HeliocentricEarth Equatorial(HEEQ) coordi-
nates(Hapgood1992).In HEEQcoordinates,theZHEEQ axisis
alignedwith thesolarNorthrotationpole,while theXHEEQ axis
points toward the intersectionbetweenthe solar equatorand
thesolarcentralmeridianasseenfrom Earth.Theconversion
betweenHeliocentricCartesian(x; y; z) asseenfrom Earth,and
HeliocentricEarthEquatorial(XHEEQ; YHEEQ; ZHEEQ) is then

XHEEQ = zcosB0 � ysinB0;

YHEEQ = x; (21)

ZHEEQ = zsinB0 + ycosB0;

x = YHEEQ;

y = ZHEEQ cosB0 � XHEEQsinB0; (22)

z = ZHEEQ sinB0 + XHEEQcosB0;
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whereB0 is theheliographiclatitudeof Earth.For furthercon-
versionto otherspacephysicscoordinatesystems,seeRussell
(1971),Hapgood(1992),andFränz& Harper(2002).

7.2. Pseudo-angles and the TANprojection

Solar astronomershave not traditionally used spherical
trigonometryfor imagecoordinates,exceptin theheliographic
case.Instead,it' s more common to work in pseudo-angles
representingthe platescaleof the instrument.Thesepseudo-
anglesvaryasthetangentof theactualangles.This is identical
to working in thegnomonic(TAN) projection.Closeto theSun,
the pseudo-anglesareapproximatelyequalto their real angle
counterparts.(From1 A.U., on thesolardisk, they' re thesame
to at least� vesigni�cant �gures.)

We de�ne the pseudo-angles� � , x� , andy� to be the pro-
jection of a featureonto the z = 0 plane,expressedas an-
gles.Giventhisde�nition, therelationshipbetweenthepseudo-
angle� � andtheactualangle� � is fairly simple,

� � =
 
180�

�

!
tan� � ; (23)

� � = tan� 1
�� �

180�

�
� �

�
; (24)

while the relationshipsfor helioprojective-cartesiancoordi-
natesaresomewhatmorecomplicated,

x� =
 
180�

�

!
tan� x; (25)

y� =
 
180�

�

!
tan� y

cos� x
;

� x = tan� 1
�� �

180�

�
x�

�
; (26)

� y = tan� 1

2
666664
� �
180�

� y�
p

1 + (� x� =180� )2

3
777775:

(In theabove we assumethat thepseudo-angles� � , x� , andy�

areall expressedin pseudo-degrees;hencetheconversionfac-
torsof 180� =� . Additional conversionfactorswouldbeneeded
for pseudo-arcminutesor pseudo-arcseconds.)

Although the conversionbetweenpseudo-anglesand true
anglesis notnecessarilysimple,pseudo-anglesaremucheasier
to dealwith thantrueangles,andactmorelikeheliocentricco-
ordinates.For example,in pseudo-angles,therelationshipsbe-
tweenhelioprojective-cartesianandhelioprojectiveradialcoor-
dinatesarethesameastheirheliocentriccounterparts:

� � =
q

x�
2 + y�

2; (27)

 = arg(y� ; � x� );

x� = � � � sin ; (28)

y� = +� � cos :

Theapproximationsof Eqs.(4) and(6) work equallywell with
the pseudo-anglesx� , y� , � � as with their real-anglecounter-
parts.In fact,thedistances

x0 = D�

� �
180�

�
x� ;

y0 = D�

� �
180�

�
y� ; (29)

� 0 = D�

� �
180�

�
� � ;

are true distancesof the projectionof a point onto the z = 0
plane.

For a disk-centeredsolartelescope,usingthe TANprojec-
tion, thepseudo-anglesx� ; y� areequalto theintermediateco-
ordinatescalculatedfrom the FITS keywords if the spherical
correctionsof the TANprojectionarenot applied,e.g.ascal-
culatedby oldernon-WCSsoftware.Thedi� erencesfrom the
realangles� x; � y scaleas� 3

� , andareabout7 millisecondsof arc
at thelimb, asseenfrom 1 A.U. Whenthetelescopeaxisis not
disk-centered,additionaldi� erencesof comparablemagnitude
will beincurred.

The situation is somewhat di� erentwith helioprojective-
radial coordinateswhen the TANprojection is usednear the
Sun.Becauseof thehigh level of curvature,onecannotsimply
calculatethe intermediatecoordinatesfrom CRPIXj, CRVALi,
etc.Instead,onemusteithercalculate� � ;  usingthefull WCS
sphericalformalism,or calculate� � ;  basedonEq.(27).

8. The older FITS coor dinate system

Over the last few years,an informal standardhasbeendevel-
opingfor solarimagecoordinatesin FITS �les, usingtheolder
FITS keywords rather than the newer WCS formalism.This
systemhasthefollowing characteristics:

– Thecoordinateaxescorrespondto Fig. 2.
– Thecoordinateaxislabelsvary, or areomitted,but aretyp-

ically SOLARX, SOLARY, asusedby theSOHOproject.
– The coordinatesare usually expressedin arcseconds(al-

thoughthe appropriateCUNITi keywordsmay not appear
in theheader).However, no mapprojectionsareexplicitly
given,andthe distinctionbetweenheliocentricandhelio-
projectivecoordinatesis glossedover.

Thissystemcanbeincorporatedinto theoverall formalismbe-
ing consideredhereby recognizingthat thecoordinatesgiven
in such a systemare actually the pseudo-anglesdiscussed
in Sec. 7.2. Thus, this systemis implicitly helioprojective-
cartesianwith thestandardTANprojection.

Although we encouragethe eventualadoptionof a WCS-
basedsystem,FITSreadersshouldalsobewrittento parse�les
usingthe older coordinatesystemdescribedabove, asan im-
plicit helioprojective-cartesiansystem.This format is accept-
ablefor simpletwo-dimensionalsolarimages.FITS �les using
thisoldersystemshouldincludethekeywordsCRPIXj, CRVALi,
CDELTi, CTYPEi, CUNITi, andoptionallyCROTAi if theimageis
rotated.When CROTAi is included,then the conversionfrom
pixel coordinates(i; j) to spatialcoordinates(x; y) shouldbe
donevia thefollowing equations(Calabretta& Greisen2002).


 = CROTAj;

x = CDELTi � cos
 � i � CDELTj � sin
 � j; (30)

y = CDELTi � sin
 � i + CDELTj � cos
 � j;
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Table 2. Comparisonof theFITS coordinatekeywordsin theold and
new system,for helioprojective-cartesiancoordinatesin theTANpro-
jection. The phrase“exactly the same”assumesthat the sameunits
areusedin bothcases.SeeSec.9.2 for a discussionof angularunits.
Although CUNITi did not appearin the original Wells et al. (1981)
paper, it hasbeencommonlyused.

Keyword Original WCS
CRPIXj Exactlythesamein bothsystems
CRVALi Exactlythesamein bothsystems
CDELTi Exactlythesamein bothsystems
CROTAi Rotationangle Deprecated
PCi j Not used ReplacesCROTAi
CUNITi Exactlythesamein bothsystems
CTYPEi SOLARX HPLN-TAN

SOLARY HPLT-TAN

wherei is thex-likeaxis,and j is they-likeaxis.This is equiv-
alentin theWCSto aCDmatrix with thefollowing de�nition:

CDi i = +CDELTi � cos(CROTAj);

CDi j = � CDELTj � sin(CROTAj); (31)

CDj i = +CDELTi � sin(CROTAj);

CDj j = +CDELTj � cos(CROTAj);

or to a PCmatrixwith thefollowing de�nition:

PCi i = + cos(CROTAj);

PCi j = � sin(CROTAj) � (CDELTj=CDELTi); (32)

PCj i = + sin(CROTAj) � (CDELTi=CDELTj);

PCj j = + cos(CROTAj):

(Theinverseproblemof decomposinga PCmatrix into CROTAi
values,andhow to determineif sucha decompositionis pos-
sible, is discussedin Calabretta& Greisen(2002).) Table 2
shows the usageof the variousFITS coordinatesystemkey-
wordsin theold andnew systems.

Therehasalsorecentlybeengrowing usageof somemeta-
data keywords for solar images,such as XCEN, YCEN, and
ANGLE. Althoughtheseareveryusefulkeywordsfor cataloging
setsof observations,they shouldnever be consideredassub-
stitutes for the standardFITS coordinatesystemkeywords.
However, thesecanalsobeincorporatedby makingtheidenti-
�cations

CRPIX1= (NAXIS1+ 1)=2;

CRPIX2= (NAXIS2+ 1)=2;

CRVAL1= XCEN; (33)

CRVAL2= YCEN;

CROTA2= ANGLE:

9. Additional Considerations

9.1. Observer's Position

As mentionedearlier, someof the coordinatesystemsmen-
tionedhereareorientedwith oneof thecoordinateaxespoint-
ing toward the observer. Therefore, information should be

Table 3. Standardspacephysicscoordinatesystemsfrom Russell
[1971],Hapgood[1992],andFränzandHarper[2002], togetherwith
their associatedWCSlabelsfor CTYPEi declarations.

Coordinatesystem Abbrev. WCSlabels
Geocentricequatorialinertial GEI GEIX, GEIY, GEIZ
Geographic GEO GEOX,GEOY,GEOZ
Geocentricsolarecliptic GSE GSEX,GSEY,GSEZ
Geocentricsolarmagnetic GSM GSMX,GSMY,GSMZ
Solarmagnetic SM SMX, SMY, SMZ
Geomagnetic MAG MAGX,MAGY,MAGZ
HelicentricAriesEcliptic HAE HAEX, HAEY, HAEZ
HeliocentricEarthEcliptic HEE HEEX, HEEY, HEEZ
HeliocentricEarthEquatorial HEEQ HEQX,HEQY,HEQZ
HeliocentricIntertial HCI HCIX, HCIY, HCIZ

placedin the FITS headerto specify the viewer's location.
This is doneby usingthe labelslisted in Table1 followedby
the characters“ OBS”. Since there's no standardmechanism
for specifyingwhat units that the value of a keyword in the
headertakes,all distancekeywordswill have theunitsmeters,
while angularkeywordsarein degrees. In principal,any stan-
dardcoordinatesystemcouldbeusedto specifythepositionof
theobserver, but it is recommendedthatat leastthekeywords
DSUNOBS, HGLNOBS, andHGLTOBSbeincludedto specifythe
Stonyhurstheliographiccoordinatesof theobserver. For exam-
ple,a FITSheadermight includethelines

DSUN_OBS= 1.507E+11
HGLN_OBS= 0.0
HGLT_OBS= 7.25

If theobserver'spositionis not speci�ed, thenit shouldbeas-
sumedthattheobservationwasmadefrom Earth,or from low
Earthorbit.

The observer's position can also be speci�ed in any of
the standardspacephysicscoordinatesystems(Russell1971;
Hapgood1992;Fränz& Harper2002).Table3 lists theseco-
ordinatesystems,togetherwith their associatedWCS labels.
Like the other keywordsdiscussedin this document,the ob-
server'spositionwouldbespeci�edin theheaderby appending
thecharacters“ OBS”, e.g.HEQXOBS, HEQYOBS, HEQZOBS.
In keepingwith WCSstandards,thevaluesof thesekeywords
would bein meters.

9.2. Other Angular Units

It haslong beenstandardin FITS �les that angularmeasure-
mentsbe expressedin degrees(Wells et al. 1981; Calabretta
& Greisen2002). However, it is also commonin solar ob-
servations to express the coordinatesin arcsecondsfrom
disk center. This possibility waspresagedin Sec.7.2, where
helioprojective-cartesianpseudo-anglescanbecalculatedfrom
theFITS headerparameterswithout resortingto sphericalco-
ordinatecalculations,which is not thecasefor helioprojective-
radialcoordinates.Thus,onlyfor thelimited casewheretheco-
ordinateaxesareHPLN-TANandHPLT-TAN, andwheretheco-
ordinatesareall relativelycloseto theSun,it canbeappropriate
to expressthecoordinatesin unitsotherthandegrees.Although
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Table4. Alternateangularunits.

Unit String Meaning Notes
deg degreeof arc �=180radians
arcmin minuteof arc 1/60 degree
arcsec secondof arc 1/3600degree
mas millisecondof arc 1/3600000degree
rad radian 180=� degrees

stronglydiscouraged,the World CoordinateSystem(Greisen
& Calabretta2002)doesallow for this possibility throughthe
CUNITi keyword,whichcantakeonthevaluesgivenin Table4.
For example,if unitsof arcsecondsis desiredfor a two dimen-
sionalimagearray, thenthis couldbespeci�edby setting

CTYPE1 = 'HPLN-TAN'
CUNIT1 = 'arcsec '
CTYPE2 = 'HPLT-TAN'
CUNIT2 = 'arcsec '

Thisallowsfor compatibilitywith otherproposedstandardsfor
solar imagedata,which have generallycalledfor coordinates
to beexpressedin arcseconds.Notethatthevalueof theCUNITi
keyword only appliesto thekeywordsCRVALi, andCDELTi (or
CDi j). All otherangularkeywords,suchasLONPOLE, CROTAi,
etc.,mustbein degrees.

9.3. Celestial coordinates

Although the helioprojective coordinatesdescribedhere are
similar in many ways to celestialcoordinates,they have not
beende�ned to beapplicableto any otherbodiesthantheSun
andits atmosphere.A solardatasetmayalsocontainotheras-
tronomicalbodiesof interest,suchas sun-grazingcometsor
calibrationstars.Analysisof theseextra-solartargetswouldbe
aidedby includingadditionalcoordinateinformationin oneof
the traditionalcelestialcoordinatesystems(e.gR.A., Dec.)as
discussedin Calabretta& Greisen(2002).This is particularly
true when the solar coordinatesare expressedin arcseconds,
which may causetrouble for software usedby non-solaras-
tronomers.

10. Conc lusions

We have presenteda standardizedcoordinatesystemfor solar
imagedatawhich is precise,rigorous,andcomprehensive. It
builds on currentstandards,and extendsthem for the needs
of future missions.Both terrestrialand non-terrestrialview-
points are supported.By incorporatingthe emerging World
CoordinateSystemstandard,compatibilitywith futureastron-
omy softwareis ensured,anda powerful level of �e xibility is
achieved.Many currentFITS�les areincorporatedasaspecial
subsetof thenew system.

The coordinatesystemspresentedherehave the following
characteristics:

– Stonyhurst and Carrington heliographiccoordinatesare
de�ned to be the samefor all observers. Two observers
with distinctly di� erentperspectives,suchastheSTEREO

spacecraft,would measurethe sameheliographiccoordi-
natesfor a featureat r = R� .

– Helioprojective coordinates,and the associatedheliocen-
tric systemsdiscussedhere, are observer-speci�c. Two
observers with di� erent perspectives, such as STEREO,
would measuredi� erentcoordinatesfor the samefeature,
becauseoneaxisalwayspointstowardstheobserver.

– ThekeywordsHGLNOBS, HGLTOBS, andDSUNOBSspecify
thepositionof theobserver.

– The keyword CARROTspeci�es the Carrington rotation
number.

We recommendthat new solar data be written using
the World CoordinateSystemformalismdiscussedhere.The
simplest of the WCS-compliantcoordinatesystemsis the
helioprojective-cartesiansystemin the TANprojection,and is
also the bestmatch to currentpracticefor many observato-
ries.A simplewayto implementthisscheme,whennorotation
needsto beapplied,is to set

CRPIXj = (NAXISi + 1)=2

CRVALi = (pointingof centerof imagein arcseconds)

CDELTi = (pixel spacingin arcseconds)

CUNITi = 'arcsec '

CTYPE1 = 'HPLN-TAN'

CTYPE2 = 'HPLT-TAN'

Alternatively, theCRPIXj valuescanrepresentthepositionof
diskcenterin theimage,andthenCRVALi = 0.

Althoughthisproposaltreatssolarimagesasasphericalco-
ordinatesystem,FITS �les written in helioprojective-cartesian
coordinateswith theTANprojectionarecompatiblewith older
non-WCSsoftware to a high degreeof accuracy. Also, �les
usingthe older non-WCSsystemcanbe treatedasbeingim-
plicitly helioprojective-cartesianwith theTANprojection.

However, thesphericalcoordinatemapprojectioncapabil-
ities of the World CoordinateSystemo� er a large amountof
�e xibility in dealingwith datawhicharenotcastin straightfor-
ward Cartesianterms.With the appropriatemap projections,
onecanhandlenot only images,but alsosynopticmapsin the
heliographicsystem,andmapsof thecoronain radialdistance
andpositionangle.
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Appendix A: Time

Although a completedescriptionof the speci�cation of date
andtime in FITS �les is beyond the scopeof this document,
we wish to bring the reader's attentionto the revisedspeci�-
cationfor datesin FITS �les, which wasadoptedby the IAU
Fits Working Group(IAU-FWG) in November1997(Hanisch
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et al. 2001).This appliesnot only to the keyword DATE-OBS,
but all keywords startingwith the letters“DATE”. Suchkey-
wordscan take oneof two forms. When only the dateis re-
quired,thesekeywordscantake the form “CCYY-MM-DD”,
where“CCYY” is thecenturyandyear(i.e.thefour-digit year),
“MM” is the two-digit month,and“DD” is thetwo-digit day-
of-month.For example,

DATE-OBS='2000-03-27'

The time can also be included,separatedfrom the year by
the letter “T”. In that case,the datekeywords take the form
“CCYY-MM-DDThh:mm:ss[.sss.. . ]”, where“hh”, “mm”, and
“ss” are the hours, minutes,and secondsrespectively, and
wherethe secondscan be expandedto an arbitrary fraction.
For example,

DATE-OBS='2000-03-27T22:01 :4 1.1 23'

Unlessotherwisespeci�ed, the datesand times are assumed
to be in CoordinatedUniversalTime (UTC) (exceptfor DATE
itself, wherenoassumptionsaremade).

Before the IAU-FWG adoptedthe above convention, the
SOHOprojectadoptedasimilarconvention,usingthekeyword
DATEOBSin placeof DATE-OBSto avoid con�ict with thepre-
vious standard.Although thestandardadoptedby SOHOand
later by the IAU-FWG are both ultimately basedupon ISO-
8601 (ISO 1988), the SOHO DATEOBSkeyword was based
upon a recommendationby the Consultative Committeefor
SpaceDataSystems(CCSDS1990)which waslessrestrictive
thanwhattheIAU-FWG �nally adopted.TheSOHOkeyword
di� ersfrom theIAU-FWGspeci�cationin thefollowing ways:

– It allowed,andin fact encouraged,the date-timestring to
end in the letter “Z” to indicatethe UTC time-zone.The
IAU-FWGdecidedto notallow this.

– It alloweda variationwheretheday-of-yearwasgivenin-
steadof themonthandday, whichwasalsonotallowedby
theIAU-FWG.

The SOHO project adoptedthe non-standardDATEOBS
keyword to addressY2K issueswhich the FITS committees
hadnotyetaddressed,andto allow for thespeci�cationof time
as well as date.Now that the FITS standardaddressesthese
sameissues,one shouldconsiderthe SOHO DATEOBSkey-
word to bedeprecatedin favor of thestandardDATE-OBSkey-
word.For backwardscompatibility, bothformsareacceptable,
but DATE-OBSis to bepreferred.
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